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To gain an understanding of the genes and mechanisms that govern morphogenesis and its evolution, we have analyzed mutations that disrupt
this process in a simple model structure, the male tail tip of the rhabditid nematode C. elegans. During the evolution of rhabditid male tails, there
have been several independent changes from tails with rounded tips (“peloderan”, as in C. elegans) to those with pointed tips (“leptoderan”).
Mutations which produce leptoderan (Lep) tails in C. elegans thus identify candidate genes and pathways in which evolutionary changes could
have produced leptoderan tails from peloderan ancestors. Here we report that two novel, gain-of-function (gf) alleles of lin-41 have lesions
predicted to affect the N-terminus of the RBCC-domain LIN-41 protein. Both gf alleles cause the tail tip of adult males to retain the pointed shape
of the juvenile tails, producing a Lep phenotype that looks like the tails of leptoderan species. Consistent with its role in the heterochronic
pathway, we find that lin-41 governs the timing and extent of male tail tip morphogenesis in a dose-dependent manner. Specifically, the Lep
phenotype results from a heterochronic delay in the retraction and fusion of the tail tip cells during L4 morphogenesis, such that retraction is not
completed before the adult molt. Conversely, we find that tail tip morphogenesis and cell fusions begin precociously at the L3 stage in the reduced-
function lin-41 mutant, ma104, resulting in over-retracted male tails in the adult. Because modulated anti-LIN-41 RNAi knockdowns in the gf
mutants restore wild-type phenotype, we suggest that the leptoderan phenotype of the gf alleles is due to a higher activity of otherwise normal
LIN-41. Additionally, the gf allele is suppressed by the wild-type allele, suggesting that LIN-41 normally regulates itself, possibly by
autoubiquitination. We speculate that small changes affecting LIN-41 could have been significant for male tail evolution.
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A long-term goal of evolutionary developmental biology is to
elucidate how morphology evolves by changes in genes and
developmental mechanisms. One approach to identify candidate
genes and mechanisms is to search for mutations that mimic
evolutionary changes. Such mutations point to developmental
pathways with the potential to produce the observed diversity and
which are good targets for further comparative study. One well-
known type of evolutionary change is called “heterochrony”, a
result of modification in the relative timing of developmental
events. The retention of an ancestrally juvenile character by an adult
is one such change. For example, the closer resemblance in skull⁎ Corresponding author. Fax: +1 212 995 4015.
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doi:10.1016/j.ydbio.2006.04.472shape between adult humans and juvenile chimpanzees than
between adult humans and adult chimpanzees has been largely
attributed to heterochronic changes (Gould, 1977).
We have focused on an evolutionary change affecting the
very tip of the nematode male tail, which varies substantially
among different rhabditid nematode species related to the
model system Caenorhabditis elegans. In some species, like
C. elegans, the tip of the male tail is rounded or “peloderan”; in
other species, such as Oscheius myriophila, the male tail tip is
pointed or “leptoderan” (Fig. 1). The peloderan form of the
C. elegans tail largely results from a dramatic change in tail tip
morphology during the last larval (L4) stage of male
development (Fig. 1). The first visible step of this process
occurs as the four epidermal tail tip cells fuse and “retract”
anteriorly under the larval cuticle (arrow in Fig. 1). The round-
tipped, peloderan tail of the adult is thus a result of this
retraction. In contrast, the leptoderan tail tip of species such as
Fig. 1. Morphogenesis of the male tail during the late L4 stage. In wild type C. elegans, the tail tip fully retracts, leading to blunt (peloderan) adult tails (arrow points to
retracting tail tip cells underneath cuticle). In lin-41(bx37) mutants, tail tip retraction fails and adults retain the pointed tail tip of the juveniles (i.e., a leptoderan tail).
This phenotype resembles that in other species, e.g., Oscheius myriophila, in which adult males normally have leptoderan tails. (Scale bars 20 μm; modified from
Nguyen et al., 1999, where bx37 is mistakenly labelled bx42).
Fig. 2. Model of heterochronic gene regulation in the lateral hypodermis
(modified from Slack et al., 2000). lin-41 is negatively regulated by let-7 and
represses translation of LIN-29 mRNA. LIN-41 protein is present throughout
development until the L4 stage, when the let-7 miRNA is expressed and down-
regulates LIN-41 translation, leading to LIN-41 mRNA degradation (Bagga
et al., 2005). LIN-29 mRNA appears during the L2 stage, but LIN-29 protein
only begins to accumulate in L4 animals when LIN-41 protein is absent.
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form (Fig. 1; Nguyen et al., 1999). Based on phylogenetic
analysis, we also know that the leptoderan tail tip of Oscheius
myriophila evolved from a peloderan ancestor (Fitch, 1997;
Kiontke and Fitch, 2005). Heterochrony by retention of a
juvenile character could be one explanation for the evolution of
leptoderan tails. Here, we report on C. elegans mutations which
mimic this evolutionary change, producing leptoderan adult tails
by changing the developmental timing of tail tip morphoge-
nesis. In fact, these mutations affect the heterochronic pathway.
The heterochronic pathway in C. elegans controls the timing
of stage-specific developmental events (reviewed by Pasquinelli
and Ruvkun, 2002). Most studies of the heterochronic pathway
have focused on the development of the hypodermal “seam”
cells in the lateral epidermis (Pasquinelli and Ruvkun, 2002).
There are three late-acting genes in the pathway that regulate
cell fate transitions from L4 to adult: let-7, lin-41, and lin-29. In
the current model of this pathway (Fig. 2), the lin-41 gene,
which encodes a protein containing RBCC and NHL domains,
acts downstream of the let-7 regulatory RNA and upstream of
the transcription factor LIN-29 (Ambros, 1989; Bettinger et al.,
1996; Rougvie and Ambros, 1995; Slack et al., 2000). The let-7
microRNA binds to the 3′-UTR of the LIN-41 mRNA during
L4, leading to the translational inhibition and degradation of
LIN-41 mRNA (Bagga et al., 2005; Reinhart et al., 2000; Slack
et al., 2000). LIN-41 acts as a developmental switch, repressingtranslation of lin-29 until the L4 stage. When the level of LIN-
41 declines, that of LIN-29 increases, activating adult-specific
differentiation. Mutations in heterochronic genes cause cells to
adopt fates that are characteristic of earlier or later larval stages.
For example, lin-41 reduced-function (rf) mutations cause
precocious expression of adult seam cell fates at larval stages
(Slack et al., 2000). In contrast, terminal differentiation of the
seam cells is delayed when lin-41 is over-expressed (Slack
et al., 2000).
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lin-41 cause a heterochronic delay in the onset of morphogen-
esis, producing leptoderan tails in C. elegans that closely
resemble those of other species. In contrast, rf mutations of lin-
41 cause precocious tail tip morphogenesis. Based on a dosage
analysis, we propose a model for lin-41 function and
autoregulation in tail tip morphogenesis. Because male tail tip
retraction is very sensitive to slight changes in the level of lin-41
expression, the heterochronic pathway, and the lin-41 gene in
particular, are good candidates for being involved in male tail
evolution.
Materials and methods
Strains and culture conditions
Genetic manipulations and culturing of C. elegans were performed as
previously described (Brenner, 1974). Worms were maintained at different
temperatures, 15°C, 20°C or 25°C on NGM plates seeded with E. coli strain
OP50 (Sulston and Hodgkin, 1988).
The following genes and mutations were used in this study: LG I: dpy-5
(e51), lin-11(n566), lin-41(bx37), lin-41(bx42), lin-41(ma104), mec-8(e398),
unc-13(e1091), unc-29(e193). LG II: lin-29(n836), rol-6(su1006). LG V: him-5
(e1490). LG X: let-7(n2853).
The following strains were used, listed with their genotypes:
– BC159 = dpy-5(e61) unc-13(e51) I; sDp1(I;f).
– CB224 = dpy-11(e224)V.
– CB4088 = him-5(e1490)V.
– CT8 = lin-41(ma104)I.
– DF67 = jcIs1[ajm-1::gfp rol-6(su1006)]IV; him-5(e1490)V (derived from a
cross between CB4088 and SU96, a generous gift from J. Hardin, University
of Wisconsin).
– DF89 = him-5(e1490)V (in the background of the Hawaiian wild-type strain
CB4856, generously donated by S. Takagi, Nagoya University, Japan, and
further backcrossed twice to CB4856).
– DF97 = unc-29(e193) lin-41(bx37) lin-11(n566) I; him-5(e1490)V
(UncLin recombinants from a cross between two strains obtained from
the SNP mapping with the genotypes unc-29 lin-41; him-5 and lin-41 lin-
11; him-5).
– DF102 = let-7(n2853ts)X; him-5(e1490)V (from MT7626 × CB4088).
– DF103 = lin-41(ma104)I; him-5(e1490)V (from CT8 × CB4088).
– DF111 = him-5(e1490)V; nyEx1[lin-41(+) rol-6(su1006)] [derived from a
transformation of CB4088 with a long PCR product (3 ng/μl) covering the
lin-41(+) gene of CB4088, coinjected with pRF4 containing the dominant
transformation marker rol-6 (150 ng/μl)].
– DF114 = lin-41(ma104)I; him-5(e1490)V; nyEx4[lin-41(+) rol-6(su1006)]
(derived from a transformation of DF103 with a long PCR product (3 ng/μl)
covering the lin-41(+) gene of CB4088, coinjected with pRF4 (150 ng/μl)].
– EM101 = lin-41(bx37)I; him-5(e1490)V.
– EM106 = lin-41(bx42)I; him-5(e1490)V.
– EM191 = dpy-5(e61) lin-41(bx37) I; him-5(e1490)V.
– JK577 = fog-2(q71)II.
– MT2181 = nDf24/unc-13(e1091) lin-11(n566) I.
– MT7626 = let-7(n2853)X.
– RG148 = lin-29(n836)/mnC1[dpy-10 unc-52]II; him-5 (e1490)V.
All EM and DF strains were derived from crosses with strain CB4088. The
him-5 mutation in this strain generates about 30% males by chromosome
nondisjunction (Hodgkin et al., 1979), thus eliminating tedious searches for
otherwise rare males. DF strains were generated in the course of this work; EM
strains were generously provided by S. Emmons, Albert Einstein College of
Medicine, and RG strains by A. Rougvie, University of Minnesota; all other
strains were obtained from the Caenorhabditis Genetics Center, University of
Minnesota.Phenotypic analyses
For microscopy, worms were placed in a drop of M9 buffer on 5% agar pads
and studied at 400× or 1000× magnification with a Zeiss Axioskop set up with
Nomarski (DIC) and epifluorescence optics. Images were recorded with a model
C4742-95 “Orca” Hamamatsu digital camera and Openlab software, ver. 3.0.9
(Improvision).
To determine temperature sensitivity, worms of genotype lin-41(bx37);him-
5(e1490) and lin-41(bx42);him-5(e1490) were grown for several generations at
15°C, 20°C or 25°C before males were scored. Because lin-41(ma104)
hermaphrodites are sterile at 25°C, animals were grown at 20°C and eggs or
L1 juveniles were transferred to 25°C before scoring male phenotypes. Because
of postembryonic lethality at higher temperatures, let-7(n2853) animals were
grown and scored at 15°C.
To allow easy comparisons of the degree (expressivity) of Lep phenotypes,
we devised a “Lep Severity Index”, which is a weighted average of the different
Lep phenotypic classes: LSI = [%Knob + (2 × %Inside) + (3 × %Outside)] / 3.
To assess statistical significance when comparing results of two experiments,
chi-square contingency table tests were performed. A strict criterion of
significance (P ≤ 0.01) was used because of the sensitivity of the male tail
phenotypes to environmental conditions.
For time course analysis, L1 animals of strains CB4088 and DF103 were
developmentally arrested by shaking them in M9 buffer without food for 16–
20 h and placed on food plates at different time points. Some of these animals
were scored hourly as they developed with respect to molts, linker cell migration
(a marker of developmental stage), and tail tip retraction.
To observe adherens junctions, animals were fixed and stained with the
monoclonal antibody, MH27, as described previously (Nguyen et al., 1999).
Z-stacks of images were captured and deconvolved using Openlab.
Genetic mapping
The two mutations, bx37 and bx42, were originally isolated in 1988 by I.
Kassem and S. Baird, respectively, in the laboratory of S. Emmons (Albert
Einstein College of Medicine, New York) in a morphological screen for male tail
mutants using ethylmethane sulfonate mutagenesis. bx37 and bx42 had the same
Lep phenotype and were tentatively assigned to the same locus, lep-1. A three-
factor cross placed bx37 on linkage group (LG) I in a 1.5-map unit (ca.
1300 kbp) region between unc-29 and lin-11 (Fig. 3): in the 25 recombinants
scored, 7 crossovers occurred between unc-29 and lep-1(bx37) and 18 occurred
between lep-1(bx37) and lin-11. To map the mutation further, DF97 (unc-29
bx37 lin-11; him-5) was crossed to Hawaiian strain DF89 and Unc–NonLin and
Lin–NonUnc recombinants were isolated. Homozygous F2 hermaphrodites
were individually picked and their F3 male progeny scored for the Lep
phenotype. These recombinant lines were tested for single nucleotide
polymorphisms (SNPs) and other molecular polymorphisms using a PCR
approach as described previously (Wicks et al., 2001). Short (300–1658 bp)
fragments were amplified from worm lysates using the appropriate primers for
each SNP (see Table S1 in Supplementary Data for list of primers). SNPs were
identified either by direct sequencing, or by differences in the pattern of
restriction endonuclease digestion products separated electrophoretically on 2–
3% agarose gels or 3% MetaPhor gels (FMC Bioproducts).
DNA sequencing
PCR products from candidate open reading frames (ORFs) were sequenced
directly to identify molecular lesions (for primer list, see Supplementary Table
S1). PCR products covered the complete genomic coding region and about 200–
500 bp upstream of the ATG and downstream of the termination codon. All
sequencing was performed on ABI 3100 sequencers in facilities at Columbia or
New York Universities.
RNA interference (RNAi)
All RNAi experiments were conducted at 25°C by feeding in a manner
similar to that described previously (Timmons et al., 2001). A library of bacterial
strains representing ORFs on LG I was obtained from Dr. J. Ahringer (Fraser
Fig. 3. Genetic and molecular map of the lin-41 region. (A) Using three factor crosses and SNP mapping, bx37 was mapped between the genetic markers unc-29 and
lin-11, and between the SNP-markers F36H2.1 and F16A11.1. The mutations were identified as alleles of lin-41. The deficiency, nDf24, was used in this study for
dosage analysis experiments. lin-41 is contained in cosmid C12C8 which partially rescues the phenotypes of reduced function alleles of lin-41 (Slack et al., 2000). An
11,297-bp long PCR product, covering the lin-41 coding sequence and several kb upstream and downstream of the gene was used for transformation experiments. (B)
Intron/exon structure of lin-41, protein domains and relative positions of known lin-41 alleles (modified from Slack et al., 2000). bx37 and bx42 are the only known gf
alleles. The mutations are located in exon 2 (the first exon with protein-coding sequences), which contains no sequences with annotated domains. ma104, the rf allele
used in this study, has a Tc1 transposon inserted near the NHL domain (Slack et al., 2000). The 3′-UTR of lin-41 has binding sites for the miRNAs lin-4 and let-7. (C)
Predicted protein sequence for the N-terminal portion of LIN-41 in wild type, bx37, and bx42. bx37 has a Gly-to-Arg replacement at residue 34. A 124-bp deletion in
bx42 probably leads to an N-terminal truncation of the protein by 38 amino acids (wt = wild-type).
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100 μg/ml ampicillin and 1 mM IPTG. To test RNAi phenotypes of various
ORFs, L4 hermaphrodites were fed RNAi-inducing bacteria or control bacteria
(i.e., the “empty” L4440 vector in strain HT115(DE3)) for 24 h, were transferred
to new plates for another 24 h, and then removed. After 4 days, the male progeny
was scored for tail phenotypes. To “knock down” LIN-41, a modified approach
was taken because lack of LIN-41 renders hermaphrodites sterile. Arrested L1
worms were placed on plates seeded with RNAi-inducing bacteria and scored as
adults. To modify the dosage of RNAi, worms were fed mixtures of bacteria
expressing the RNAi vector for lin-41 (C12C8.3) and bacteria expressing the
empty control vector L4440 at 5 different proportions (0:1, 1:3, 1:1, 3:1, 1:0).
This mixture of bacteria was fed to L1 larvae of bx37 and bx42 mutants, and to
wild-type L1s as a control. RNAi-fed worms were then transferred to 25°C and
scored as adults. For RNAi knockdown of lin-29, we used a feeding construct
containing the gene fragment, sjj_Y17G7A.2, reported in WormBase (release
WS155, http://www.wormbase.org) to produce the strongest RNAi phenotype
(see Kamath et al., 2003).
Transformation
To transform worms with different alleles of lin-41, PCR fragments covering
the entire locus were amplified using genomic DNA template isolated from
strains CB4088, EM101 or EM106, TaKaRa DNA polymerase, and primers
KK_lin-41_1 (CACCCCCACAGCTCTAGTTTGATTGCTTATATCTCGG)
and KK_lin-41_2 (AAAGAAGCAGTGACCAACGTGATTCGTGAGGC).
The resulting PCR products extended from 2,889 bp upstream of the lin-41
initiation codon to 2,475 bp downstream of the lin-41 termination codon. Gel-
purified PCR fragments, verified by sequencing, were then injected at 3–5 ng/μlinto the germline of young adult hermaphrodites. As a transformation marker,
rol-6(su1006) as plasmid pRF4 was coinjected at 150 ng/μl, as described by
Mello et al. (1991). Male Rol transformants grown at 20°C or 25°C were scored
for tail tip phenotypes.Results
Male tail tip morphogenesis is delayed or fails in bx37 and
bx42 mutants
Two mutants, bx37 and bx42, were previously isolated in a
morphological screen for male tail defects (S. Emmons,
personal communication). Both mutants cause a highly
penetrant leptoderan (Lep) phenotype with variable expressiv-
ity. The length of the tail tip can vary between a tiny knob-like
structure on the ventral side of the fan and an essentially
unretracted long tail protruding far beyond the posterior edge of
the fan (Fig. 4). The adult tail tip morphology of these latter
males resembles that of earlier larval stages and indeed results
from a retention of the pointed larval tail tip during development
(Fig. 1). To quantify the variable expressivity, the phenotype
was divided into 4 classes according to the length of the tail tip
relative to the posterior edge of the fan: “Wild Type” = the tail
tip is normal, fully retracted, and blunt-ended; “Knob” = the
Fig. 4. Lep male tail phenotypes of lin-41(bx37) (A–D, lateral views) and let-7(n2853) (E, F). The Lep phenotype of bx37 has variable expressivity. Tail tips can be
long, extending beyond the posterior edge of the fan (the “Outside” class of Lep phenotype; A, B). In other animals, the tail tip is still protruding, but shorter than the
fan (“Inside” class, C, arrow), or the tail tip has the shape of a small “Knob” (D, arrow). let-7(n2835) mutant males also display the Lep phenotype (E, lateral view; F,
ventral view).
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tail tip is distinctly conical but does not extend beyond
the posterior edge of the fan; “Outside” = the tail tip protrudes
beyond the fan (Fig. 4). Using this classification scheme, at 20–
25°C, the phenotypes of the two mutants do not differ
significantly (Table 1, P = 0.015 in a comparison of rows 3
and 6; P = 0.23 for rows 4 vs. 7); at 15°C, bx42 is somewhat less
penetrant than bx37 (Table 1, P = 1.3 × 10−7 for rows 2 vs. 5).
bx37 and bx42 are both temperature-sensitive. For example,
the incidence of the “Outside” phenotype of bx37 drops from
91% at 25°C to 26% at 15°C (Table 1, rows 2–4), and for bx42
it drops from 94% at 25°C to 33% at 15°C (rows 5–7). This
temperature sensitivity is also reflected by the drop in the Lep
Severity Index (LSI) from 94 to 57 for bx37 and from 97 to 49
for bx42. Also, both mutants are semidominant. The LSI is 58
for males heterozygous for bx37 (compared to 94 for homo-
zygotes; Table 1, rows 8 vs. 4), and 70 for males heterozygous
for bx42 (compared to 97; Table 1, rows 9 vs. 7).
Neither mutant shows detectable pleiotropic effects on other
morphologies or behavior in either sex. For example, the lateral
hypodermis is differentiated normally, such that adults have
continuous alae, and vulva morphogenesis is normal. Molts
occur at the appropriate time and frequency. Male copulatory
behavior and fertility are also unaffected. In fact, neither the
total number of progeny sired by bx37 males nor the efficiency
of mating (the capacity to sire progeny over a limited
timeframe) differ significantly from wild type, regardless of
tail tip length (Supplementary Table S2). Thus, the effect of the
mutations appears to be restricted to the most posterior
hypodermal cells in the male body.bx37 and bx42 are novel alleles that affect the N-terminal
domain of LIN-41
Because the bx37 and bx42 homozygotes and transheter-
ozygotes had the same phenotype (Table 1, row 11), we
surmised that these mutations were allelic and focused on
mapping the lesion corresponding to bx37. Recombination
mapping with SNP markers (see Materials and methods) placed
the bx37 mutation within an interval of approximately 140 kbp
between the markers SNP_F36H2.1 and SNP_F16A11.1
(Fig. 3). This region contains 21 ORFs (open reading frames),
which were tested for male tail defects by RNAi-feeding. RNAi
“knockdown” of F16A11.2 and C12C8.3 (the ORF cor-
responding to the gene lin-41) each resulted in male tail
phenotypes. Specifically, knockdown of F16A11.2 produced
male abnormal (Mab) defects; knockdown of lin-41 produced
mostly sterile animals (Ste) with male escapers displaying
generally defective male tail morphogenesis, but no Lep
phenotypes.
Of the candidate ORFs sequenced from this region in the
bx37 strain (EM101), only lin-41 contained a difference relative
to the wild type sequence: a G-to-A transition at +100 bp,
corresponding to a Gly-to-Arg replacement at residue 34 of the
predicted LIN-41 protein. The other allele, bx42, had a 124-bp
deletion in lin-41, removing 36 bp upstream of the ATG
initiation codon plus 88 bp of the coding region. Assuming that
the next available methionine (M39) downstream of the deleted
ATG serves as a start codon, the predicted protein product of
lin-41(bx42) would be 1109 aa instead of the 1147 aa of the
wild-type protein. Hence, the bx37 and bx42 lesions both affect
Table 1














1 him-5 25 100 0 0 0 0 >100 0
2 bx37; him-5 15 5 45 24 26 0 110 57
3 20 5 34 13 48 0 149 68
4 25 1 6 2 91 0 169 94
5 bx42; him-5 15 22 41 4 33 0 157 49
6 20 8 45 4 43 0 143 61
7 25 0 2 4 94 0 104 97
8 bx37/+; him-5 25 32 13 4 51 0 633 58
9 bx42/+; him-5 25 22 11 2 65 0 520 70
10 ma104; him-5 20 0 0 0 0 100 >100 n.a.
11 bx37 unc-29(e193)/bx42 +; panels him-5 25 d 0 0 1 99 0 89 100
a See Fig. 4 for leptoderan (Lep) phenotypes.
b Over-retracted; see Fig. 5 for phenotypes.
c Lep Severity Index = [%Knob + (2× %Inside) + (3× %Outside)]/3. This weighted average of the different Lep phenotypic classes provides a simple index to help
compare the different degrees of expressivity among genotypes.
d unc-29 bx37 hermaphrodites and bx42 males were mated for 24 h at 20°C and then transferred to 25°C; NonUnc F1 males were scored for tail defects.
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corresponding to no currently annotated domain (Fig. 3).
Reduced-function lin-41 alleles cause precocious male tail
morphogenesis
Eight lin-41 alleles had been isolated previously as suppressors
of the bursting vulva phenotype of let-7 (Slack et al., 2000). All of
them cause a recessive precocious expression of an adult-specific
hypodermal cell fate in the lateral seam; that is, in all mutants alae
are formed precociously at the L3molt. Of these alleles, two (n2914
and mg187) behave genetically as null alleles; the others are
described as reduced-function (rf) alleles. All of these alleles have
lesions which affect the NHL domain of the LIN-41 protein in one
way or another. Because no previous studies analyzed male tail
phenotypes of these rf alleles, we used the allele, ma104 (in strain
DF103), for a detailed analysis of male tail development in a
representative lin-41(rf) mutant.
In accord with observations of the lateral hypodermis (Slack
et al., 2000), we found that ma104 causes precocious
development of the male tail tip. Specifically, in all males, tail
tip retraction begins precociously in the early L3 stage
(Fig. 5B), instead of the L4 stage as in wild type (Fig. 1).
Because of this early retraction, the tail tip is rounded or
squarish at the molt between the L3 and L4 stages (Fig. 5C).
During the L4 stage, the tail tip retracts further (Fig. 5G),
leading to some males with severely truncated tails, often
without a fan (Fig. 5E), and other males with well-developed
fans but squarish, truncated back ends (Fig. 5D). Because of this
over-retraction, structures which normally extend to the
posterior part of the tail–phasmids and probably the PHC
neurons–are drawn out in the wake of the additional retraction
(arrow in Fig. 5G), such that some adult males display up to
three filiform processes extending posteriorly from their tails
(arrows in Fig. 5H). At 25°C, a large fraction of males arrest in
L4 with severe defects in their hind gut and tail (Fig. 5F). In
such animals, the anus seems to be non-functional and gutcontents accumulate in the tail region; this condition is lethal.
For further experiments, two scoring classes were defined for
the precocious over-retraction (Ore) phenotypes: “Short” = the
male tail is clearly truncated, but a fan is present (as in Fig 5D);
“Club” = the male tail is over-retracted, with other severe
defects, and no fan is present (Fig. 5E), or males arrest in L4
(Fig. 5F).
Because wild-type (WT) tail tip retraction is associated with
fusion of the tail tip cells (Nguyen et al., 1999), we also checked
for tail tip fusions in retracting L3 tails of ma104 males using
the monoclonal antibody, MH27, which recognizes an epitope
in belt adherens junctions surrounding all epidermal cells
(Fig. 6). Fusions coincide with degradation of the junctions
(Nguyen et al., 1999). In WT males, the four tail tip cells remain
unfused through L3 until mid-L4, when there is a wave of
fusions that begins with the anterior cells (hyp9 and hyp11) and
ends with the most posterior cell, hyp10, forming a syncytium
by the late L4 stage (Nguyen et al., 1999; schematized in
Fig. 6A). In ma104rf mutant males, however, the tail tip cells
fuse precociously during L3 (Fig. 6B). Thus, precocious
retraction is associated with precocious cell fusions. In contrast,
we showed in previous work that the retarded retraction in bx37
is associated with retarded cell fusion and, in some cases, failure
of the most posterior cell to fuse with the other tail tip cells
(Nguyen et al., 1999; schematized in Fig. 6C).
bx37 and bx42 are hypermorphic gf alleles that cause retarded
morphogenesis
Several lines of evidence suggest that bx37 and bx42 are
gain-of-function (gf) alleles. First, the phenotypes of these
mutants are exactly the opposite of the rf alleles. That is, the Lep
phenotype is a result of heterochronically delayed or retarded
development, whereas the Ore phenotype is due to precocious
development. Treatment with RNAi against lin-41 also
produces the Ore phenotype, consistent with this phenotype
resulting from reduction of function. Second, bx37 and bx42 are
Fig. 5. Ore (over-retracted) male tail phenotype of lin-41(ma104rf) mutants. In rf mutants of lin-41, tail tip retraction begins precociously in the L3 stage (A–C:
successively later stages) and continues during the L4 stage, leading to males with short, over-retracted tails (D, left side view). Morphogenesis of the fan and rays can
be disrupted (E), or does not occur at all. Some males with this latter phenotype arrest in the L4 stage (F). During the additional retraction of the tail in L4 Ore mutant
males, phasmids are drawn out into processes (arrow in G, left side view) which are also visible in adults (arrows in panel H, ventral view of a slightly over-retracted
male tail). Scale is the same in panels A–F, and panels G–H, respectively.
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alleles are fully recessive (Table 1, row 10; Slack et al., 2000). A
third line of evidence comes from a comparison to let-7(rf)
mutants. As mentioned above, the let-7 micro-RNA negatively
regulates lin-41 (Fig. 2); let-7(rf) causes a reduced turnover of
LIN-41 mRNA (Bagga et al., 2005) and thus elevated levels of
LIN-41 protein. As a consequence, let-7(rf) mutants show
retarded development of the lateral seam (Reinhart et al., 2000).
let-7(rf) males also display Lep tails; i.e., we find that 22% of
let-7(n2853rf) males display strong, “outside” Lep tails (Table
2, row 26; Fig. 4). This Lep phenotype is the same as that in
bx37 and bx42, consistent with Lep being a result of
developmental retardation. As a fourth line of evidence, bx37
or bx42 transgenes are sufficient to produce Lep tails in an
otherwise WT genetic background (Table 2, rows 21–22). In
fact, transgenes carrying the WT allele are also sufficient to
produce Lep tails (Table 2, rows 19–20). These results are also
consistent with the gf alleles being hypermorphic (due to anincreased level of otherwise WTactivity) instead of neomorphic
(due to the acquisition of a novel kind of function altogether).
RNAi treatment of the lin-41(gf) animals is also consistent with
hypermorphic, but not neomorphic, activity of the gf alleles.
Treating L1WTwormswith lin-41RNAi results inOre phenotypes
in adult males (right panel of Fig. 7). However, treating bx37 or
bx42 worms with lin-41 RNAi results mainly in WT phenotypes
(left panel of Fig. 7; Supplementary Fig. 1). For both mutants, only
a small fraction of males had Ore phenotypes. Thus, the bx37 and
bx42 mutations cause an increased activity of an otherwise
normally functioning LIN-41.
Tail tip morphogenesis is dosage sensitive but lin-41 alleles are
not simply additive
Using a modulated RNAi knockdown approach, we found
that tail tip morphogenesis is sensitive to different levels of
mutant and wild-type LIN-41 mRNA. Over 90% of bx37 and
Fig. 6. Immunofluorescent staining of adherens junctions with MH27 monoclonal antibody show that fusion of tail tip cells is affected in lin-41 mutants. In the
schematics of the staining patterns (A, C, and lower part of panel B), adherens junctions are depicted as green lines, nuclei as red ovals). (A) In wild type males, the four
tail tip cells, hyp8–hyp11, fuse during the L4 stage to form a tail tip syncytium in late L4. Cell fusions coincide with degradation of adherens junctions, which thus
appear interrupted or punctate in the stained animals (from Nguyen et al., 1999). (B) In lin-41(ma104rf) mutants, fusion of the tail tip cells occurs precociously in L3.
(C) In lin-41(bx37gf) mutants, fusion of the tail tip cells is delayed or fails to occur (from Nguyen et al., 1999, in which the allele is mistakenly labeled bx42).
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bacteria (Fig. 7 and Supplementary Fig. 1). With increasing
concentration of lin-41 RNAi-inducing bacteria in the food, the
fraction of males with long tail tips decreased and the fraction of
males with wild-type tails increased. When fed 100% lin-41
(RNAi), 85% of bx37 and 51% of bx42 males had WT tails; the
fraction of males with long Lep tails was only 6% (bx37) or 9%
(bx42). For both mutants, a small fraction of Ore males with
over-retracted tails was also found when treated with lin-41
RNAi. Strikingly, RNAi was not able to knock down LIN-41
activity in bx37 and bx42 animals to the same degree as in WT
animals. We conclude that bx37 and bx42 most likely cause
increased stability of an otherwise normally functioning LIN-
41. The dosage effect of modulated RNAi was also apparent in
the control experiment in which WT animals were subjected to
lin-41 RNAi (Fig. 7 right side of panel). With increasing dosage
of lin-41 RNAi-inducing bacteria, the fraction of males with
Ore tails increased to 74%.
Because these RNAi knockdowns show that tail tip morpho-
genesis is sensitive to different dosages of LIN-41 mRNA, we
tested the phenotypic effects of different doses of lin-41 alleles in
the genotype. A null hypothesis is that, in the absence of interallelic
interaction, the phenotype results directly from the total, additive
amount of LIN-41 activity. In this case, the simple prediction is that
adding more copies of either the wild-type (+) or gain-of-function
(gf) alleles would cause more retarded tail tip development (i.e.,
more Lep phenotypes). Conversely, by reducing the dosage of these
alleles, such as by substituting reduced-function (rf) alleles, more
precocious tail tip development should result (e.g., more over-
retracted, Ore, phenotypes).
Some of the dosage results are consistent with additivity of
the alleles. One WT copy is sufficient to make WT male tails,
since the rf allele,ma104, and a deficiency, nDf24, which deletes
lin-41 along with several other genes, are fully recessive to theWTallele (Table 2, rows 10–11, compare row 11 to row 9). One
copy of bx37gf over the deficiency or rf allele is not only
sufficient to eliminate all precocious tail tip retraction, but also
causes retarded, Lep phenotypes (Table 2, rows 12–13). Two
copies of bx37 produce a more severe Lep effect than a single
copy of bx37 (Table 2, compare rows 5 and 12; P << 0.0001).
The Lep phenotype of the gf/rf heterozygote is more severe than
the gf/Df heterozygote (Table 2, row 13 vs. 12; P << 0.0001),
consistent with some residual LIN-41 activity from the rf allele
adding to the retarded phenotype. Also, the Lep phenotype of a
bx37/+/+ genotype is somewhat more severe than that of the
bx37/+ heterozygote (Table 2, row 16 vs. 14; P << 0.0001),
suggesting some additivity to the phenotype by the extra WT
copy provided by the free duplication, sDp1, in the presence of
the bx37gf allele; however, sDp1 does not produce a Lep
phenotype in a WT background (row 15). The results from
transgenic arrays are largely consistent with additivity (Table 2,
rows 18–25), although the appearance of supernumerary molts
and “over-rescue” of the rf allele by WT arrays (i.e., Lep in
addition to WT, row 18) indicate that lin-41 from all the
extrachromosomal arrays was severely overexpressed.
However, most combinations between chromosomal copies
of the gf and WTalleles of lin-41 result in phenotypes which are
not predicted by simple additivity. Assuming additivity, we
would predict the following phenotypic series of genotypes, in
order of increasing Lep severity: gf/Df < gf/rf < gf/+. However,
we find gf/Df < gf/+ < gf/rf. That is, the gf/+ heterozygote has a
somewhat more severe phenotype than the gf/Df heterozygote
(Table 2, row 14 vs. 12; P = 0.00014), but it has a less severe
phenotype than the gf/rf heterozygote (Table 2 row 14 vs. 13;
P << 0.0001). Strikingly, a WT copy provided by a free
duplication, sDp1, strongly reduces the severity of the Lep
phenotype in a homozygous bx37 background (Table 2, row 17
vs. row 6; P << 0.0001) to a level not significantly different
Table 2
Effect of LIN-41 activity level or lin-41 dosage on male tail tip morphogenesis a





% Knob % Inside % Outside
1 +/+ him-5 100 0 0 0 0 >100 0
2 +/+ him-5; jcIs1[ajm-1::gfp rol-6] d 100 0 0 0 0 >100 0
3 g/g bx37; him-5 1 6 2 91 0 169 94
4 g/g bx42; him-5 0 4 2 94 0 199 97
5 g/g unc-29 bx37; him-5 0 0 0 100 0 117 100
6 g/g dpy-5 bx37 lin-11; him-5 3 3 3 92 0 108 95
7 g/g bx37; him-5; Ex[rol-6] 4 6 12 78 0 137 e 88
8 g/g bx42; him-5; Ex[rol-6] 1 3 15 81 0 139 f 92
9 r/r ma104; him-5 0 0 0 0 100 >100 g n.a.
10 −/+ nDf24/+; him-5/+ 100 0 0 0 0 114 0
11 r/+ ma104/+; him-5 100 0 0 0 0 20 0
12 g/− bx37 unc-29/nDf24; him-5 40 33 15 12 0 227 33
13 g/r bx37/ma104; him-5 h 22 52 2 25 0 110 44
14 g/+ bx37 unc-29/+ unc-29; him-5 34 20 31 14 0 205 41
15 +/+/+ dpy-5 unc-13; sDp1 100 0 0 0 0 50 0
16 g/+/+ dpy-5 + bx37/dpy-5 unc-13 +; him-5/+; sDp1 18 32 14 36 0 181 56
17 g/g/+ dpy-5 bx37 lin-11; him-5; sDp1 28 23 8 41 0 180 54
18 r/r; + ma104; him-5; nyEx4[lin-41(+) rol-6] i 19 12 15 37 17 116i 51
19 +/+; + him-5; nyEx4[lin-41(+) rol-6] j 6 3 28 63 0 78 83
20 +/+; + him-5; nyEx1[lin-41(+) rol-6] k 68 6 14 11 0 98 l 22
21 +/+; g him-5; Ex[bx37 rol-6] 3 6 17 74 0 103m 87
22 +/+; g him-5; Ex[bx42 rol-6] 5 5 25 65 0 20 n 83
23 g/g; + bx37; him-5; nyEx1[lin-41(+) rol-6] o 2 3 22 74 0 119 p 90
24 g/g; + bx42; him-5; nyEx1[lin-41(+) rol-6] q 5 1 28 66 0 94 r 85
25 g/g; + bx42; him-5; Ex[lin-41(+) rol-6] 7 6 24 59 0 298 s 77
26 let-7(n2853)X; him-5 41 11 16 32 0 79 46
a All animals were cultured at 25°C before scoring, except for let-7(n2853)X; him-5 (row 26) which was grown at 15°C. Because we used various other loci as
transformation markers (rol-6) or genetic markers (e.g., dpy-5, lin-11) in these experiments, male tail tip phenotypes were scored in these genetic backgrounds to
provide baselines for comparison (rows 1–9). The transformation marker, rol-6, suppressed the expressivity of the Lep phenotype of bx37 and bx42 (compare rows 7–
8 with rows 3–4; 0.001 > P > 0.0001 in a chi-square contingency table test). The other marker phenotypes did not significantly affect the Lep phenotype (e.g., the
combination of Dpy-5 and Lin-11; rows 6 v. 3; P = 0.4).
b Symbolic representation of genotype, where ‘+’ denotes the wildtype allele, ‘g’ denotes either gf allele, ‘r’ is the rf allele ma104 and ‘−’ refers to the deficiency
nDf24 (null for lin-41). Symbols following a semicolon denote alleles amplified by PCR and introduced by transformation; these constructs thus exist on
extrachromosomal arrays which may harbor many copies.
c Lep Severity Index = [%Knob + (2 × %Inside) + (3 × %Outside)] / 3. This weighted average of the different Lep phenotypic classes provides a simple index to help
compare the different degrees of expressivity among genotypes.
d Control for effect of rol-6 on the WTmale tail phenotype; ajm-1::gfp only stains adherens junctions and does not contribute to hypodermal or male tail phenotypes.
e Numbers were combined from 4 lines not significantly different from each other (0.90 > P > 0.05).
f Numbers were combined from 2 lines not significantly different from each other (P = 0.90).
g Many males do not reach adult stage, but all have precociously retracted (Ore) tail tips.
h Males of genotype bx37; him-5 (strain EM101) were crossed toma104 hermaphrodites (strain CT8). Becausema104 causes a Dpy phenotype, male cross-progeny
were recognizable as NonDpy and were scored for male tail tip morphological defects by DIC microscopy.
i Numbers were combined from 3 lines (including DF114 with the nyEx4 extrachromosomal array) not significantly different from each other (0.31 > P > 0.05). Nine
adult males proceeded through a supernumerary molt.
j The nyEx4 extrachromosomal array from strain DF114 was crossed into strain CB4088.
k Strain DF111 with the nyEx1 extrachromosomal array.
l One male proceeded through a supernumerary molt.
m Numbers were combined from 5 lines not significantly different from each other (0.63 > P > 0.01). Many animals with supernumerary molts.
n One line was obtained. Many animals with supernumerary molts. Phenotype not significantly different from the lines represented in row 21 (P = 0.80).
o The nyEx1 extrachromosomal array from strain DF111 was crossed into strain EM101.
p Fifty animals proceeded through supernumerary molts.
q The nyEx1 array from DF111 was crossed into strain EM106.
r Twenty-three animals proceeded through supernumerary molts.
s Numbers were combined from 2 lines not significantly different from each other (P = 0.0104). Several animals with supernumerary molts.
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Again, the duplication does not produce Lep tails in the WT
background (Table 2, row 15). These results are inconsistent
with a simple additive effect among the different lin-41 alleles,
but fully consistent with a model in which the WT allele
suppresses the activity of the gf allele and itself.LIN-29 may not be involved in male tail tip morphogenesis
Because lin-29 is a downstream target of lin-41, and is
required for hypodermal seam cell differentiation and morpho-
genesis of the vulva and male spicules (Bettinger et al., 1997;
Euling et al., 1999; Slack et al., 2000), we asked if lin-29 also
Fig. 7. LIN-41 knockdown by RNAi-feeding rescues the Lep phenotype of bx37 and causes Ore phenotypes in wild-type worms. The effect of RNAi was modulated by
feeding L1 worms a mixture of bacteria expressing lin-41 dsRNA and of bacteria expressing the control vector at varying proportions. These RNAi-fed animals were
scored directly for male tail phenotypes. The higher the percentage of lin-41 dsRNA-expressing bacteria in the food, the more pronounced is the effect of RNAi. When
RNAi is fed to lin-41(bx37) mutants (left side of panel), the fraction of males with long Lep tails decreases and the fraction of males with WT tails increases. A small
fraction of males shows Ore phenotypes. When RNAi is fed to WT worms (right side of panel), up to 74% of the males show Ore phenotypes, consistent with the
observation of over-retracted tails in lin-41(ma104rf) mutants.
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males homozygous for the lin-29(n836) mutant, which behaves
as a null allele (Euling et al., 1999), had fully retracted tail tips,
as in WT. Second, to test if lin-29 could at least partially
suppress the Ore phenotype of lin-41(rf) mutants, we fed lin-29
RNAi to lin-41(ma104) worms, effectively making a double
mutant. In these experiments, 65–98% of the hermaphrodites
showed either Pvul, Rup, or Egl phenotypes, demonstrating that
the lin-29 RNAi was highly efficient at 20°C and 25°C.
However, the Ore phenotype of lin-41(rf) males (100%
penetrant at 20°C and 25°C) was not altered by the lin-29
RNAi treatments (34/34 males at 20°C and 55/55 males at 25°C
were Ore). We conclude that lin-29 is either not involved in
male tail tip morphogenesis, or is fully redundant with another
factor.
Discussion
Level of lin-41 activity affects the timing of male tail tip
morphogenesis
We have found that lin-41, a gene in the heterochronic
pathway controlling the larval-to-adult switch, governs the
timing of male tail tip morphogenesis. Specifically, we have
identified two gain-of-function (gf) alleles of lin-41 that lead to
retarded development in the tail tip. We also find that reduced-function (rf) alleles of this gene lead to precocious tail tip
morphogenesis. In both cases, there are consequences for the
final adult morphology. Precocious morphogenesis leads to
males with over-retracted (Ore) tails. The consequence of
retarded morphogenesis (delayed retraction) is a pointed tail tip
that is strikingly similar to the leptoderan (Lep) tails of some
other species related to C. elegans. Therefore, lin-41 is a good
candidate gene in which evolutionary changes could have
produced leptoderan tail tips in these species.
Modulated RNAi knockdowns of LIN-41(gf) show that the
gf mutations are hypermorphic. Even in the absence of wild-
type LIN-41(+), RNAi knockdown of LIN-41(gf) restores WT
morphology. This result implies that bx37 and bx42 animals
have a higher activity level of otherwise normally functioning
LIN-41.
The modulated RNAi experiments also demonstrate that the
timing of tail tip morphogenesis is quite sensitive to the level of
LIN-41 activity. That is, progressively increasing RNAi in the
gf mutants results in a concomitant decrease in the incidence of
Lep phenotypes and increase in WT phenotypes. Likewise,
modifying the dose of gene copies also affects the timing of
morphogenesis. We found that increasing the dose of WTcopies
alone using transgenic arrays was sufficient to cause retarded
tail tip morphogenesis (Table 2, row 18). This result is
consistent with previous observations of retarded lateral seam
development in animals carrying extra copies of lin-41(+) in a
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timing depends on obtaining a certain level of LIN-41 activity;
too little results in precocious development and too much results
in retarded development.
This sensitivity of male tail tip morphogenesis to the level of
LIN-41 activity suggests a model in which LIN-41 represses the
tail tip cell fusions and retraction above a particular threshold
level of activity (Fig. 8A). As the level of let-7 micro-RNA
increases at the end of the L3 stage and during L4, the level of
LIN-41 decreases. Presumably, LIN-41 protein normally does
not perdure because of constant LIN-41 protein degradation.
When the level of LIN-41 activity dips below the threshold, tail
tip retraction is derepressed, and sufficient time is allowed for
complete retraction before the L4 molts to an adult. If the level
of LIN-41 activity is increased, either by higher concentrationFig. 8. Model for how LIN-41 regulates the timing, and thus extent, of male tail
tip morphogenesis. (A) In WT animals, let-7 miRNA (solid dark blue curve)
inhibits the production of LIN-41 protein (solid orange curve), beginning at the
end of L3. Above a certain threshold level of LIN-41 activity (light blue line),
male tail tip retraction is repressed; as LIN-41 dips below this level, tail tip
retraction is derepressed. The extent of retraction is proportional to the time
available for retraction (red bar), which begins at the time LIN-41 dips below the
threshold and ends at the L4/Adult molt, when the shape of the adult tail tip
cuticle becomes “locked-in”. (B) The onset of retraction is delayed and less time
is available for tail tip retraction if LIN-41 stability or initial level is higher than
normal (dotted orange curves); onset of retraction is early and more time is
available for retraction if LIN-41 level is lower than normal (dashed orange
curve). (C) Reduced let-7 expression (dotted blue curve) also results in a delay in
the time at which LIN-41 level (dotted orange curve) is reduced to the retraction
threshold.or greater stability or both, the threshold is reached later than
normal (dotted lines in Fig. 8B). The consequentially retarded
onset of morphogenesis leaves a smaller timeframe before the
animal molts. In this case, tail tip retraction may not be
completed, resulting in a Lep tail tip. Conversely, if the level of
LIN-41 activity is reduced below the WT level (dashed line in
Fig. 8B), or if LIN-41 is more labile, the threshold is reached
earlier, resulting in more time for morphogenesis and over-
retracted adult tails. Because we never see tail tip morphogen-
esis occurring earlier than mid-L3, either in RNAi knockdowns
or in ma104rf mutants, we postulate that the tail tip only
becomes competent for the morphogenetic program at this time.
The model also predicts that reduction of let-7 levels will delay
the time that LIN-41 levels dip below the threshold, thus
delaying the onset of tail tip morphogenesis (Fig. 8C). Indeed,
let-7(rf) mutant males have leptoderan tails (Figs. 4E, F). This
threshold model is consistent with one previously suggested in
the context of lateral seam development (Slack et al., 2000).
Nonadditive allele interactions suggest LIN-41 autoregulation
Our model could be satisfied by a simple additive effect of
different lin-41 alleles. That is, the more LIN-41 activity is
produced by an allele, the more retarded should be the
phenotype. This simple additive hypothesis, however, is
contradicted by some of our data. For example, a WT allele
on a free duplication (sDp1) strongly suppresses the Lep
phenotype in a bx37gf homozygote, instead of causing more
severely retarded phenotypes as expected if the alleles were
additive (Table 2, row 17 vs. 6). Additionally, although the WT
copy on sDp1 has the potential to add LIN-41 activity to
increase the severity of the Lep phenotype in the presence of a
gf allele (Table 2, row 16 vs. 14), it does not produce any Lep
phenotypes in a WT background (Table 2, row 15). An
intriguing hypothesis to explain these interactions is that WT
LIN-41(+) negatively regulates itself and LIN-41(gf) and that
this autoregulatory function is deficient in the gf mutants.
Previous work on the molecular structure and biochemical
function of proteins related to LIN-41 lends further plausibility
to this hypothesis. LIN-41 belongs to a family of proteins which
contain two characteristic domains: the NHL domain and the
RBCC or TRIM (tripartite motif) domain. The NHL domain,
which is affected in all of the null and rf alleles of lin-41 (Slack
et al., 2000), is implicated in translational repression of mRNA
targets. It has been shown that the NHL domain of the LIN-41
homolog, Brat, in Drosophila melanogaster interacts in a
quaternary complex with Pumilio, Nanos, and the 3′-untrans-
lated region (UTR) of Hunchback mRNA (Sonoda and
Wharton, 2001). Assuming functional conservation, the NHL
domain in LIN-41 could also be involved in repressing mRNAs
of downstream genes. However, the NHL domain is not affected
in the bx37 or bx42 gf mutants and LIN-41 clearly works well in
these mutants to suppress tail tip morphogenesis. The RBCC
motif is associated with a class of “single-protein RING finger”
E3 ubiquitin ligases (reviewed by Meroni and Diez-Roux,
2005) which can mediate ubiquitination of themselves or other
substrates, leading to protein degradation or sometimes other
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and Diez-Roux, 2005). The coiled-coil portion of the RBCC
appears to be involved in homotypic interactions between
RBCC molecules, promoting the formation of high molecular-
weight complexes, as well as in substrate binding (Meroni and
Diez-Roux, 2005). The ability to form homotypic oligomers
may contribute to the ability of RBCC molecules to cross-
ubiquitinate each other, thus providing a possible mechanism
for negative autoregulation. Disruption of such “autoubiquiti-
nation” (e.g., by point mutations affecting the RING domain)
can increase the stability of the E3 ligase in cells (Wu et al.,
2004).
A hypothesis we propose to test in the future is that LIN-41
negatively regulates itself by autoubiquitination, and that this
autoregulation is disrupted in our gf mutants. The lesions in
these mutants are in the N-terminus close to the RING domain.
If these lesions affect interactions with an E2 ubiquitin-
conjugating enzyme or ability to cross-ubiquitinate other LIN-
41 molecules, the rate of LIN-41 turnover would decrease,
thereby increasing the stability and possibly the steady-state
level of LIN-41 activity. However, if wild-type LIN-41 were
present, it should lead to the turnover of both LIN-41(gf) and
LIN-41(+) forms. Such a model is consistent with our data
which show a suppression of the gf allele by the WT allele. In
such a model, an overabundance of LIN-41 could titrate out
interactors such as E2s, resulting in increased stability of LIN-
41 and consistent with our data which suggest that lin-41(+) and
lin-41(gf) are severely overexpressed from transgenic extra-
chromosomal arrays. Along with let-7 translational inhibition of
LIN-41 mRNA (Reinhart et al., 2000; Slack et al., 2000; Bagga
et al., 2005), LIN-41 autoregulation would provide a means of
fine-tuning LIN-41 activity level in the cell.
Other components of the heterochronic pathway and male tail
morphogenesis
Because lin-41 plays a role in male tail morphogenesis, we
can expect that additional components in the heterochronic
pathway that are upstream or downstream of lin-41 also affect
morphogenesis. Directly upstream of lin-41, the micro-RNA
let-7 downregulates lin-41 by binding to two sites in the 3′-UTR
(Vella et al., 2004), leading to degradation of the LIN-41 mRNA
(Bagga et al., 2005). Consistent with this negative regulation,
let-7(rf) mutations cause retarded development of the lateral
seam (Reinhart et al., 2000). We show here that let-7(rf) also
causes Lep male tails, which result from delayed tail tip
morphogenesis. Thus, the negative regulation of lin-41 by let-7
is preserved in the control of tail tip morphogenesis.
One known downstream target of LIN-41 is the Zn-finger
transcription factor, LIN-29, which is required for appropriate
adult fates in the lateral seam (such as hypodermal cell fusions
and alae formation), vulva morphogenesis, spicule formation
and “ray extension” during general male tail morphogenesis
(Euling et al., 1999). However, because the tails tips of lin-29
(rf) males are fully retracted and peloderan, and because RNAi
knockdown of lin-29 in lin-41(ma104rf) mutants fails to
suppress the Ore phenotype of ma104, we infer that tail tipretraction does not require LIN-29. By the same token, LIN-29
is not required for the cell fusions and nuclear migrations in the
“tail seam”, which also occur during male tail morphogenesis
(Euling et al., 1999). Thus, some effector of adult fate other than
or redundant with LIN-29 must be regulated by LIN-41 in male
tail tip morphogenesis. An objective of future studies will be to
identify LIN-41 targets that are involved in male tail
morphogenesis.
A role for the heterochronic pathway in the evolution of male
tail morphology?
During the evolution of rhabditid nematodes, changes have
occurred fairly frequently between peloderan and leptoderan
forms of the male tail (Kiontke and Fitch, 2005). Specifically,
the ancestor of rhabditids had an unretracted male tail tip and the
peloderan tail evolved early in this group. Subsequently,
reversals occurred in several independent lineages back to
leptoderan tails.
As our lin-41(gf) alleles show, a single change in the
heterochronic pathway is sufficient to produce a range in the
extent of tail tip morphogenesis, from fully retracted tail tips with
completely fused cells to long unretracted tail tips in which the
hyp10 cell remains unfused in adults. The lin-41(gf) alleles also
demonstrate that changes with evolutionary potential can occur
even in important genes with pleiotropic roles in development.
Despite the pleiotropic roles of such genes, particular mutations
may nevertheless have very specific consequences for particular
compartments of the animal. As a major regulator of timing, lin-
41 affects not only the male tail tip, but also cell fates in the
lateral hypodermis, molting, and fertility; however, only the tip
of the male tail is affected in the bx37 and bx42 mutants. One
possible explanation for the focused effects of the lin-41
mutations is that the tail tip compartment has a higher sensitivity
to LIN-41 activity levels than other compartments in the animal.
Such a higher sensitivity may indicate a reduced robustness of
the developmental program in the tail tip relative to other tissues
affected by lin-41. Reduced selection for robustness of tail tip
morphogenesis is plausible, since variation in tail tip length does
not appear to impact mating efficiency, for example (Supple-
mentary Table S2).
One might expect that changes with such focused effects in
the tail tip should be due primarily to changes in transcriptional
regulatory sequences, where different cis-regulatory elements
may be responsible for particular temporal or spatial compart-
ments of expression (Rockman and Wray, 2002; Wray, 2003).
Here we demonstrate that such changes can also affect the
protein-coding region in a component of a post-transcriptional
regulatory mechanism. Given all these attributes, the hetero-
chronic pathway, and lin-41 in particular, are good candidate
targets for the multiple, convergent changes that have occurred
in the evolution of male tail tip morphogenesis.
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